INTRODUCTION
Worldwide, pneumococcal disease is associated with significant clinical and economic burden on healthcare systems and the society. [95% confidence interval (CI) 0.37-0.63, p\0.0001] [7] . In another study, it was reported that the incidence of meningitis and bacteremia attributable to vaccine serotypes substantially dropped from 73.3 to 14.7% in the period 2010-2013} [8] . Ihara et al. [9] estimated that incidence rates per 100,000 in children aged \5 years during 2012 (versus 2008-2010) for meningitis and bacteremia changed from 2.8 to 0.8 (IRR 0.27; p\0.0001) and 22.2 to 10.6 (IRR 0.48; p\0.0001), respectively. Due to these dramatic declines in disease burden due to PCV-7 types, non-PCV-7 serotype strains now constitute a predominant cause of residual pneumococcal disease burden in Japanese children [7] [8] [9] . A review of epidemiology of pediatric infections in Japan from 1990 onward shows that in addition to pneumococci, another respiratory pathogen, non-typeable Haemophilus influenzae (NTHi), causes significant morbidity in pediatric AOM, and, to a lesser extent, plays a role in lower respiratory diseases such as pneumonia [10, 11] . NTHi has been also reported as an infrequent cause of invasive disease [12] .
Bacterial infections often lead to high rates of prescription and antibiotic use [1, 13] . This is specifically the case with highly prevalent AOM which is recognized as a leading indication for the prescription of antibiotics to infants [13] . In Japan, resistance to commonly used antibiotics such as penicillins, macrolides and cephalosporins is increasingly observed for both Sp serotypes and NTHi, thereby rendering treatment of such infections difficult [8, 12, 14, 15] . In the global context including Japan [8, 16] , prevention of pneumococcal disease by vaccination could play a significant role in controlling the evolution of resistance which is essential from a health policy point of view. 
MATERIALS AND METHODS

Model Overview
A previously published Markov model [24, 25] was used to simulate the impact of pneumococcal vaccination on the incidence of Sp IPD, pneumonia and AOM, as well as NTHi-AOM within a Japanese birth cohort (n = 1,042,000 new-born) in terms of resource use, cost implications and quality-adjusted lifeyear (QALY) losses. Cost-effectiveness was evaluated adopting the healthcare provider and societal perspectives. The model was used to compare 3 ? 1 regimens of PHiD-CV and PCV-13 with vaccine doses administered at 2, 3, 4 and 13 months of life.
The basic model construct is visualized in Fig. 1 . Individuals were followed in the age-stratified model over a time horizon of 5 years with a cycle length of 1 month. During each monthly cycle, the probability of an individual entering a specific health state is governed by age-specific Sp and NTHi-AOM incidence rates and applicable vaccine efficacy (VE) levels. These transition probabilities determine hospitalization rates and frequency of medical visits in conjunction with the respective diseases considered in the model.
To the respective disease conditions, unit costs and disease-specific disutilities were further added. In each cycle of the model, cost consequences and QALYs were estimated so that costs and QALY losses accumulated until the 5 year time horizon and converted into a corresponding incremental cost-effectiveness ratio (ICER) expressed in terms of costs per QALY gained.
Demographics and Epidemiological Data
Annual number of births and age-specific mortality rates were obtained from the ''Estimation of population'' (2013) [26] and the ''Abridged life tables'' (2012) [27] , respectively, available in the Official Statistics of Japan (e-Stat) database. Epidemiological data used in the model are provided in Table 1 . Age-specific incidence rates for IPD, hospitalized all-cause pneumonia and AOM were taken from locally available databases and published literature [9, 12, 14, 28] . The incidence rate for nonhospitalized all-cause pneumonia was derived by subtracting the number of pneumoniarelated hospital admissions from the total number of pneumonia cases as provided by the ''Patient survey'' [29] . The frequency of meningitis sequelae was estimated from [28] and Iwata et al. [30] . The frequency of myringotomy/tympanostomy tube placement (TTP) procedures was obtained from a retrospective survey (Table 1; for additional details on the retrospective survey see Appendix 1, Table 6 ).
Serotype distributions for IPD and AOM were obtained from published reports addressing the point in time when PCV-13 was introduced in Japan [9, 12] . The proportion of AOM cases due to Sp or NTHi was estimated by calculating the ratio of confirmed number of Sp or NTHi-related cases and the total number of pathogenconfirmed cases (Table 1) . AOM acute otitis media, JPY Japanese yen, TTP tympanostomy tube placement, NA not applicable a Estimated by adding up the number of hospital admission days and the number of outpatient visits (1 visit = 0.5 day lost) Japanese yen (JPY)] obtained from the ''Basic survey of wage structure'' (2013) [31] and ''Survey of Labour force'' [32] . Time lost from work for parents of sick children for each of the disease outcomes is provided in Table 2 . Two types of utility values were used in the model. Normative utility values were assumed to be at the maximum due to the short time horizon considered in the analysis. Disutility values for the disease conditions were obtained from sources provided in Table 3 .
Vaccine Efficacy, Coverage and Costs
The time course of protection conferred by vaccination was modeled in children of ages of PHiD-CV and PCV-13 have the same efficacy for the ten common serotypes equal to the average VE of the PCV-7 serotypes, as reported by Whitney et al. [19] . Although serotypes 6A
and 19A are not contained in the PHiD-CV vaccine, these serotypes belong functionally to the same serogroups as serotypes 6B and 19F, respectively, which are covered by the PHiD-CV vaccine. Protection conferred by PHiD-CV against cross-reactive serotypes 6A not contained in PHiD-CV was set at 76% in the light of similar antibody responses elicited by PCV-7 and PHiD-CV [19] . For serotype 19A, VE was set at 82.2% as observed for PHiD-CV in a case-control study [19, 20] . To date, there is no conclusive evidence that PCV-13 prevents serotype 3 disease [33] and, therefore, VE was assumed to be 0.0% in the base case analysis.
The model uses VE against World Health Organization (WHO)-defined X-ray-confirmed community-acquired pneumonia (CAP) (WHO-CAP) as a surrogate measure of efficacy against hospitalization for pneumonia. VE of PCVs, including PHiD-CV against WHO-CAP and suspected CAP, has been assessed in several large-scale, randomized, controlled efficacy trials, conducted in different settings [18, [34] [35] [36] [37] . In these trials, WHO-CAP and clinically suspected CAP constituted the efficacy end points. VE in terms of reduction in hospitalization and outpatient consultation was in the ranges of 20-35% and 6-7%, respectively, based on defined end points not discriminating between causative pathogens [18, [34] [35] [36] [37] . In the absence of PCV-13 estimates, and taking into account that available pneumonia efficacy data cannot easily predict the impact of a PCV on pneumonia by relying on the number of serotypes or support the notion that increasing numbers of serotypes beyond PCV-7 will result in a detectable increase in protection against pneumonia [38] , the Clinical Otitis Media & Pneumonia Study (COMPAS, ClinicalTrials.gov Identifier: NCT00466947) efficacy estimates against WHO-CAP (23.4%) and suspected CAP (7.3%) for PHiD-CV were applied to PCV-13 as well [18] . VE against AOM without myringotomy/TTP procedures was ascertained based on Sp and NTHi prevalence. VE against Sp vaccine serotypes was assumed to be 69.9% for PHiD-CV [18] . Similar to VE estimation for IPD, partial protection efficacy levels of 63.7% against 6A [17] and 60.7% against serotype 19A were assumed for PHiD-CV. In the base case analysis, the same VE was assumed for the PHiD-CV serotypes in PCV-13 for which AOMrelated efficacy estimates were not available.
The same assumption was also used for the additional PCV-13 serotypes except for serotype 3 (Table 4 ). VE against serotype 3 was assumed to be 0.0% for both vaccines, as PHiD-CV does not include serotype 3 and PCV-13 effectiveness against serotype 3 is not confirmed. Although PCV-7 VE against Sp nonvaccine types and NTHi has been reported as -33% and -11%, respectively (FIN-OM study [39] obtained from a Kaiser Permanente study [40] and the FinOM study [41] . These reports indicate low VE against TTP at high incidences of TTP. This relationship was modeled by extrapolating PCV-13 and PHiD-CV VE from that of PCV-7. Extrapolated VE estimates were well in agreement with the findings of the FinIP study [42] . The likely higher efficacy of PHiD-CV compared to PCV-13 for AOM is reflected in the estimates of VE against myringotomy/TTP (Table 4) . For simplicity, vaccination coverage was assumed as 100% in the base case. Price parity of 7,776 JPY was assumed for both PHiD-CV and PCV-13. The administration cost per vaccine dose was assumed to be 4,212 JPY [43] . AOM acute otitis media, TTP tympanostomy tube placement Palmu et al. [41] The 95% CI values were used as the boundary in the sensitivity analyses AOM acute otitis media, PCV-13 13-valent pneumococcal conjugate vaccine, PHiD-CV 10-valent pneumococcal NTHi protein D conjugate vaccine, TTP tympanostomy tube placement
Analyses
Under base case assumptions, numbers of deaths and cases of IPD, all-cause pneumonia (hospitalized and non-hospitalized), and AOM (with and without myringotomy/TTP procedures) were estimated for both vaccines.
The direct costs, including vaccination and treatment, and the indirect costs for each disease outcome were estimated. All costs are reported in JPY. The effects between the two vaccination strategies are reported as QALYs and life-years (LYs) gained, which are related to the defined health outcome that was determined. The ICER was estimated. A 3.0% discount rate was used for both cost and outcomes to allow a proper assessment of the benefit from the start of vaccination.
In addition to the base case analysis, several scenarios were modeled based on local interest wherein hypothetical considerations and different combinations of parameters were used to populate the model to examine their potential impact on cost and effect outcomes (Appendix 1). To account for uncertainty in the key model assumptions, two types of sensitivity analyses were performed. A one-way sensitivity analysis was done in which model parameters such as VE, disease epidemiology and management were varied within a prespecified range of ±20% if 95% CI was unavailable. A probabilistic sensitivity analysis (PSA) was performed by sampling simultaneously, from probability distributions linked to VE (log-normal distribution), disease incidence (beta distribution), disutility values (beta distribution) and costs (triangular distribution). An ICER below 5,000,000 (5 million) JPY per QALY gained was considered cost-effective for Japan [44] . All the analyses were done using Microsoft Excel 
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RESULTS
Base Case: Impact of Vaccination on Disease Burden and Cost-Effectiveness
In a birth cohort of 1,042,000 newborn in Japan were broadly similar for pneumococcal meningitis and bacteremia, and all-cause pneumonia, the model showed that PHiD-CV was expected to prevent a significantly larger number of AOM cases (92,467 AOM episodes) compared to PCV-13 (Table 5) . By assuming price parity for both PHiD-CV and PCV-13, a vaccination program with PCV-13 is shown to generate marginal cost savings for both meningitis and bacteremia; while PHiD-CV vaccination was expected to save an additional 1.9 billion JPY and 2.0 billion JPY in direct costs and indirect costs (undiscounted), respectively. The aggregate cost savings of 1.9 (direct costs, discounted) and 3.9 billion JPY (direct and indirect costs, discounted) with PHiD-CV were due to a reduction in AOM- (Table 5 ).
Scenario and Sensitivity Analysis
For most of the modeled scenarios, PHiD-CV vaccination, in comparison to PCV-13, is (Fig. 3) .
In the PSA, vaccination PHiD-CV is shown to dominate PCV-13 in terms of QALYs gained and cost savings (89% and 90% of the simulations in provider and societal perspectives, respectively).
In contrast, only 4% of the simulations indicated that vaccination with PCV-13 was expected to dominate PHiD-CV in both perspectives. The probability that PHiD-CV vaccination was cost-effective compared to Fig. 2 Scenario analyses. a Healthcare provider perspective, b societal perspective. 1 No protection for PHiD-CV against cross-reactive types 6A and 19A; 2 no efficacy of PHiD-CV against NTHi-AOM; 3 decreased VE for reduction of myringotomy; 4 no efficacy of PHiD-CV against NTHi-AOM and decreased VE for reduction of myringotomy; 5 decreased efficacy of PCV-13 against Sp-AOM; 6 decreased VE for reduction of myringotomy; 7 decreased efficacy of PCV-13 against Sp-AOM and decreased VE for reduction of myringotomy. AOM acute otitis media, JPY Japanese yen, PCV-13 13-valent pneumococcal conjugate vaccine, PHiD-CV 10-valent pneumococcal non-typeable Haemophilus influenzae protein D conjugate vaccine, QALY quality-adjusted life-years, Sp Streptococcus pneumonia b PCV-13 vaccination was estimated to be 93% from both perspectives (Fig. 4) .
DISCUSSION
A recent study indicates that both, the disease burden and costs associated with highly prevalent AOM outweigh IPD due to the high volume of outpatient consultations, myringotomy/TTP procedures and utilization of antibiotics [45] . A vaccine that confers significant protection against AOM and the associated frequent use of antibiotics could be advantageous in settings with highly prevalent AOM disease. PHiD-CV may help in the control of NTHi-related AOM in addition to Sp-related AOM [17, 18, 40, [45] [46] [47] [48] [49] .
The potential impact of PHiD-CV and PCV-13 on IPD and AOM incidence was compared in children aged \5 years using a previously published age-stratified Markov model [24, 25] that was populated with epidemiological, resource use and cost data specific for Japan. The model findings demonstrate a similar impact on overall IPD outcomes with either vaccine. In terms of IPD incidence and associated deaths, a similar impact was predicted for either of the formulations, in line with likely marginal, if any at all, differences in protection reflected by serotypespecific VE for vaccine and vaccine-related serotypes 6A [19] and 19A [19] [20] [21] . Similarly, identical VE against pneumonia was assumed which resulted in equivalent impact on pneumonia-related outcomes. However, PHiD-CV is projected to have a larger public health and economic impact owing to the high disease incidence of AOM in Japan [12] and its likely larger effects against this clinical syndrome compared to PCV-13. Although, a large body of evidence, including both preclinical and clinical research, points to the potential NTHirelated impact of PHiD-CV in AOM [17, 18, 46, 48, 50] , rather conservative assumptions have been made in this cost-effectiveness model with respect to the magnitude of its NTHi-effect in AOM. Nonetheless, an incremental benefit with PHiD-CV over PCV-13 is observed for NTHirelated AOM outcomes.
Given the current epidemiological landscape in Japan and our model findings regarding impact on disease outcomes, it is likely that childhood immunization with PHiD-CV in Japan will result in better cost-offsets and health gain compared to PCV-13. Under base case assumptions, PHiD-CV vaccination of infants is a cost-saving modality compared with PCV-13 vaccination from both the healthcare provider and societal perspectives.
Sensitivity analyses showed that ICER was robust to changes in key model parameters and confirmed a consistent impact of AOM prevention on model outcome. The model outcome was driven by the incremental benefit of PHiD-CV in terms of preventing highly prevalent AOM disease and myringotomy/TTP procedures. In the light of the publications of [45] which has shown that PHiD-CV vaccination reduced the rates of antibiotic prescriptions in outpatient settings, one may therefore expect that the introduction of PHiD-CV in Japan will reduce the frequency of antibiotic use in conjunction with highly prevalent AOM and consequently likely contribute to the control of increasing antibiotic resistance of NTHi bacteria in addition to Sp [10, 12] .
While the cost-effectiveness profiles of different pneumococcal vaccination strategies in several countries have been previously described using similar tools such as Markov cohort models [24, 25] after vaccination, however, due to the short time horizon this factor was not considered in the analysis. In addition, while productivity losses due to the treatment of acute disease were evaluated, productivity losses due to longterm sequelae were not estimated due to lack of data. The incidence of pneumonia was based on information for the time period prior to PCV-7 implementation due to limited data from post-PCV-7 vaccination implementation in Japan, implying that there is a need for up-to-date epidemiological data for future epidemiological and cost-effectiveness studies. In our analysis, herd protection was not assumed given that the analytical time horizon was restricted to child age cohorts. To our knowledge, the implications of herd protection have not been addressed in any of the cost-effectiveness analyses published for Japan [51, 52] . Previous studies have examined the potential magnitude of such indirect effects including herd protection and serotype replacement [38] . The findings varied considerably, therefore providing the rationale for not including herd protection in the current model [53] . To assess the true cost-effectiveness profiles of PCV vaccination modalities and explore sustainability of the selected PCV in Japan, it is suggested to investigate the importance of these factors in the overall impact of vaccination.
CONCLUSIONS
This cost-effectiveness analysis shows that a 3 ? 1 universal childhood vaccination program using PHiD-CV, priced at parity with PCV-13, is expected to be cost saving compared to an identical vaccination program involving PCV-13, specifically in providing incremental Pediatrics or otorhinolaryngology AOM acute otitis media, ICD-10 the international statistical classification of diseases and related health problems 10th revision a One episode was defined as a series of treatment with a visit interval of less than 1 month from the initial diagnosis. When the treatment was restarted after the visit interval of 1 month or more, it was regarded as a different episode b Codes have been used to extract cost information 
